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Using an optical technique, we present time-resolved measurements of high frequency surface acoustic
waves propagating across the boundary between two single crystals. The choice of the elastically anisotropic
cubic crystal copper allows the observation of anisotropic surface acoustic propagation with cuspidal wave
fronts together with refraction in the presence of significant orientation mismatch. The effect of the subsurface
grain boundary angle on the transmitted acoustic field is revealed.
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I. INTRODUCTION

The propagation of sound across discontinuities in solids
is of vital importance in acoustics. Subjects as diverse as
acoustic insulation, earthquake dynamics, medical acoustics,
and nondestructive testing rely on a detailed knowledge of
the transmission and reflection of acoustic waves at inter-
faces. For bulk acoustic interaction between media of general
anisotropy, the acoustic Fresnel equations can be applied to
calculate the reflected and refracted acoustic amplitudes.1 At
frequencies for which continuum approximations are valid,
these established equations underpin acoustics in inhomoge-
neous materials, allowing, for example, the prediction of the
effects of microstructure on sound propagation in poly-
crystals.2

In the case of surface acoustic waves �SAWs�, closed
form solutions for acoustic propagation between orientation-
ally mismatched crystallites are not available for general ori-
entations, and the problem is compounded by the extra de-
grees of freedom introduced by the angles between the
normal to the crystallite-crystallite interface and that to the
free surface.3 This problem is important in the prediction of
SAW propagation on polycrystalline materials involving
wavelengths as large as the order of a kilometer or greater in
seismology,4 or as small as the order of one micron in ultra-
sonic nondestructive testing.5–8 It is also important in the
burgeoning field of SAW devices.9 However, the three-
dimensional geometry involved in the experimental study of
such SAW scattering has greatly limited the amount of re-
search done. The most promising route to experimentation
on length scales accessible in the laboratory is to fully char-
acterize the SAW field by acoustic imaging techniques.
Qualitative imaging studies of SAW reflection and refraction
at grain boundaries in polycrystalline LiNbO3 using scanning
electron microscopy10 and in granular rocks using laser
acoustics11 have been reported. Related quantitative studies
of twist-bonded crystals by bulk phonon imaging12 and of
single dislocations by x-ray stroboscopic SAW imaging13

have also been published, but to date no quantitative studies

involving the real time imaging of SAWs at a single crystal-
line interface seem to have been made. Using a real-time
optical generation and detection technique for SAWs,14,15 we
present here a quantitative study of the transmission of
SAWs across a boundary between misoriented grains of the
highly elastically anisotropic metal copper �fcc structure�.

II. EXPERIMENTAL METHOD

We make use of an ultrafast optical pump and probe tech-
nique with a common-path Sagnac interferometer for
detection.14–16 A brief description is as follows: Pump optical
pulses of duration �1 ps, wavelength 415 nm, pulse energy
�1.0 nJ, and repetition rate 80 MHz are focused at 60° in-
cidence through a system of cylindrical lenses and a micro-
scope objective to circular spot of diameter D�4 �m �see
Fig. 1�a��. A transient temperature distribution �up to
�200 K rise� thermoelastically excites the surface acoustic
wave packets with frequencies in the 100 MHz to 1 GHz
range. Out-of-plane �z-directed� surface motion ��100 pm
=1 Å� is detected with �0.3 pm resolution by two probe
optical pulses separated by 300 ps. These are focused at nor-
mal incidence onto the �optically isotropic� copper surface
through another microscope objective to a spot size D /2
�2 �m, and the difference in phase between these two
pulses, proportional to the velocity of the surface motion, is
detected. The position of the probe spot is scanned laterally
�with �100�100 pixels taking �7 min per image� at a
fixed pump-probe delay time, and this delay is then varied in
steps of 1.25 ns to produce a 12.5 ns animation of 10 frames
with a lateral spatial resolution �D. The high purity �5 N�
polycrystalline copper sample is polished to a mirror finish
and etched in a dilute mixture of hydrochloric and hydrof-
luoric acids. The crystal orientation is mapped by micros-
copy based on electron backscatter diffraction:17 Figure 1�b�
shows such a map for a 0.85 mm�0.69 mm region. We
study the boundary between two grains marked A and B in
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Fig. 1�b�, corresponding, respectively, to the �8 1 10� and

�8̄ 11 6̄� surfaces.18

III. REAL-TIME EXPERIMENTAL DATA

Figures 2�a� and 2�b� show two consecutive experimental
SAW images corresponding to the excitation of grain A at an
interval of 6.25 ns over a 200 �m�200 �m region, identi-
fied by the upper dotted square in Fig. 1�b�. Figure 2�d� is a
map of the probe beam reflectivity for the same region,
showing the position of the grain boundary. Figures
3�a�–3�d� show corresponding images for the excitation of
grain B over the region identified by the lower dotted square
in Fig. 1�b�. Figures 4 and 5 show 10 consecutive frames
spaced by 1.25 ns, corresponding to the excitation of grains
A and B, respectively.19 The multiple wave fronts arise be-
cause of the periodic laser excitation. The surface acoustic
wave packets have a central wavelength �10 �m �deter-

mined mainly by the value of D and by thermal diffusion�,
corresponding to an acoustic pulse duration �3 ns. Because
of the relatively broad frequency spectrum
�100 MHz–1 GHz�, the enhancement of the intensity in the
caustic directions is limited.

The anisotropy factor, A=2c44/ �c11−c12�, for pure Cu is
3.2 �see Ref. 20�, leading to folded group velocity surfaces
for the SAWs and to cuspidal wave fronts �also referred to as
phonon focusing�. Moreover, one expects noticeable SAW
refraction effects at mismatched grain boundaries as well as
mode conversion. As a first step to understand the data quan-
titatively, we solve the relevant secular equation for the
acoustic angular dispersion �subject to the appropriate
boundary conditions�:1,20

�lilncijmn − � jm�v2� = 0, �1�

where cijkl, �, v, and li are, respectively, defined as the elastic
stiffness tensor, the density, the acoustic phase velocity and
the dimensionless wave vectors. The calculated group veloc-
ity surfaces, or wave front patterns, for SAWs, pseudo-SAWs
�PSAWs-existing for grain B only� and bulk quasilongitudi-
nal waves �L� that propagate close to the surface are shown

in Figs. 2�c� and 3�c� for the �8 1 10� and �8̄ 11 6̄� surfaces,
respectively. These bulk quasilongitudinal waves can also be
termed surface skimming bulk waves. For propagation in
directions of high symmetry away from a thermoelastic line
source, for example, they form part of a wave front that turns

FIG. 1. �Color� �a� Schematic experimental arrangement. �b�
Crystal orientation image of the polycrystalline copper sample
showing the probed regions �dotted lines�. The grains marked A and

B correspond to the �8 1 10� and �8̄ 11 6̄� surfaces, respectively. �c�
Optical micrographs of the sample after sectioning, showing the
subsurface orientation of the grain boundary and the definition of
the subsurface angle � between the grains �side view�. The top view
of the sample is also shown. The side view has been rotated so that
the top surface is facing down for ease of comparison with the top
view. The horizontal and vertical axes �x� and y�� in �b� and �c� are
inclined with respect to the axes �x and y� used for imaging.

FIG. 2. �Color online� �a� and �b� Experimental SAW images
corresponding to the excitation of grain A at an interval of 6.25 ns
over a 200 �m�200 �m region. The lighter regions in the gray-
scale region �white-blue online� correspond to a surface velocity
that is directed out-of-plane. The dashed region in �a� indicates an
example of where refraction effects are easily visible. �c� Group
velocity surfaces for grain A. �d� Probe beam reflectivity for the
same region, showing the grain boundary and excitation point �as
the small ring�.
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on at a point determined by the bulk longitudinal velocity
and turns off at a point determined by the bulk shear
velocity.21

The calculated wave front pattern for SAWs excited on
the �8 1 10� surface �grain A� shows a symmetry similar to
that expected for a �1 0 1� surface.22 Over an angle of 360°
there are a total of 12 cusps in the wave front. In the grain A
side of the image the calculated SAW wave front corre-

sponds closely to the data, suggesting that the effect of any
acoustic reflection from the grain boundary does not have a
major impact on the displacement field in this region. For
certain directions between cusps, three closely spaced SAW
wave fronts are predicted. However, these cannot be clearly
distinguished in the data because of the finite SAW pulse
width. The L wave front forms a distinct ring in the images
that is evident, for example, as the small white ring near the
center of Fig. 2�b�. Indeed, for an ideal elastic solid the L
wave exhibits sharp features in the surface elastodynamic
Green’s function, as shown by Every et al.23,24 The observed
attenuation of the L wave front is larger than that of the
SAW. This is expected from the intrinsic coupling of the L
wave front to bulk quasishear modes. �Both SAW and L
wave fronts suffer geometrical attenuation associated with a
point source: for an isotropic solid, for example, the ampli-
tude of circular surface wave fronts go down with distance as
1/�r �see Ref. 22�.� No PSAW modes can exist for this crys-
tal cut. �PSAWs behave like SAWs, with a higher phase ve-
locity than SAWs for a given direction in an anisotropic
solid, but differ in being intrinsically leaky modes.20� The
calculated fast and slow bulk quasitransverse modes are
omitted because no evidence for them are seen in the data
�probably because of the relatively symmetric geometry of
excitation and the out-of-plane motion detection.�

The calculated wave front pattern for SAWs excited on

the �8̄ 11 6̄� surface �grain B—see Fig. 3� exhibits approxi-
mately sixfold symmetry, similar to that expected for a
�1 1 1� surface,22 and this pattern again corresponds closely
to the data because of the absence of significant acoustic
reflection. As before, 12 cusps appear in the wave front over
360°. PSAW wave fronts, also shown in Fig. 3�c�, are not
easily distinguished among the SAWs in the images, al-
though we demonstrate their existence below. The calculated
L wave front again corresponds well with the smooth shape
observed, and, as before, no evidence for quasitransverse
modes is seen.

FIG. 3. �Color online� �a� and �b� Two experimental SAW im-
ages corresponding to the excitation of grain B at an interval of
6.25 ns over a 200 �m�200 �m region. The dashed region in �a�
indicates an example of where refraction effects are easily visi-
ble.�c� Group velocity surfaces for grain B. �d� Probe beam reflec-
tivity for the same region, showing the grain boundary and excita-
tion point �as the small ring�.

FIG. 4. �Color online� A series of experimental SAW images corresponding to the excitation of grain A at intervals of 1.25 ns over a
200 �m�200 �m region. The 10.2 and 3.95 ns images correspond to Figs. 2�a� and 2�b�.
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IV. FOURIER TRANSFORMS OF DATA AND NUMERICAL
SIMULATIONS

Compared to the group velocity surface, the slowness sur-
face �or, equivalently, the constant frequency surface� is
more directly related to elastic properties. The slowness sur-
face is accessible from the image data by taking a combina-
tion of temporal and dual spatial Fourier transforms of the
complete animations corresponding to Figs. 4 and 5 �see Ref.
25�. The results are shown in Figs. 6�a� and 6�b� for a fre-
quency of 240 MHz. In contrast to the real time data for the
wave fronts, the experimental slowness surfaces have the
advantage of not containing overlapping contributions due to
the laser repetition rate. The corresponding calculated slow-
ness surfaces at this frequency for grains A and B alone are
shown in Figs. 6�c� and 6�d�, respectively. Because of the
near-central position of the excitation spot and �vertical�
grain boundary in the images, the shape of the experimental
slowness surfaces are strongly influenced by grain A for
negatively directed wave vectors kx �where x is the horizon-
tal axis� and by grain B for positively directed kx. For grain B
excitation it is evident that PSAWs are also present because
of the appearence of their characteristic branches for kx�0.
Unlike the real space images, the slowness surfaces show
unambiguously the modes excited for each wave vector di-
rection.

The experimental SAW wave fronts show intricate refrac-
tion effects, visible for example in the dashed regions in
Figs. 2�a� and 3�a�. In contrast to the case of a plane wave
crossing the boundary, the concentration effect arising from
cuspidal wave fronts enhances the surface displacement in
certain directions, and it is in these directions of higher am-
plitude that the refraction effects are more easily discerned.
�In the past this enhancement has been dramatically revealed,
for example, by sprinkling dust on the surface of crystals.26�
Mode conversion at the boundary may also be occuring, but
we could not detect any clear evidence for this in the images.
For quantitative analysis one should consider the acoustic

generation and subsequent transmission across the grain
boundary. Thermoelastic surface wave generation on arbi-
trarily orientated crystalline surfaces is a complex pro-
cess;21,27 although the thermal expansion tensor of copper is
isotropic, the elastic constant tensor is not, resulting in an
anisotropic acoustic source. However, for the purposes of
simplified numerical modeling,14,28 we approximate the gen-
eration by an initial surface-normal displacement u=u�r
= �r� , t=0� with a hemispherical Gaussian spatial variation,

FIG. 5. �Color online� A series of experimental SAW images corresponding to the excitation of grain B at intervals of 1.25 ns over a
200 �m�200 �m region. The 10.2 and 3.95 ns images correspond to Figs. 3�a� and 3�b�.

FIG. 6. �Color online� �a� and �b� Experimental slowness sur-
faces obtained from the combined temporal and dual spatial Fourier
transform of the animations for the A-B grain system when exciting
grains A and B, respectively. The gray scale corresponds to the
intensity of the modes excited. �c� and �d�: Calculated slowness
surfaces for grains A and B alone, respectively.
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u	e−r2/R2
where R=5 �m, repeated at intervals of 12.5 ns.

Figures 7�a�–7�c� and Figs. 8�a�–8�c� show the results of the
predicted surface velocity for such a numerical calculation
over a 200 �m�200 �m region with excitation in grains A
and B, respectively, using the FDTD �finite difference time
domain� method29 for three different representative subsur-
face grain boundary angles: �=0° and ±45°. A planar A-B
grain boundary is assumed, and is chosen close to the actual
boundary location. The angle �, defined in Fig. 1�c�, was
experimentally determined by sectioning the sample �along
the line approximately bisecting the two grains� after the
SAW imaging measurements were complete. Optical micro-
graphs of this cut, shown in Fig. 1�c�, demonstrate that the
present sample corresponds to �=45±5°. �The side view has
been rotated so that the top surface faces down for ease of
comparison with the top view.�

Comparing the predictions of the FDTD simulations for
different � with the two sets of data, it is difficult to ascertain
which corresponds most closely to the experimental data.
Both angles �=45° and −45° appear to give fair agreement
with the observed form of the transmitted �refracted� wave
fronts. Several details of the observed wave fronts differ
from the predictions: The characteristic shapes of the quasi-
longitudinal bulk waves observed in experiment are not re-
produced in the simulations. The exact form of the transmit-
ted wave fronts is also somewhat different. These discrep-
ancies are likely to be due to our approximate treatment of
the acoustic source, but other effects, such as an imperfect
interface between the grains, may play some role. The pre-
dicted subsurface z-directed displacement fields correspond-
ing to the different � are also shown, revealing energy chan-
nelling to the bulk; the complexity of the three-dimensional
transient elastic fields associated with the acoustic transmis-
sion across the grain boundary is evident. Qualitatively, one
might expect the �=0° geometry to show the closest analogy

to the problem of normally incident bulk waves on a plane
boundary. A tilted subsurface boundary should effect the re-
flection and transmission coefficients, as well as being likely
to enhance mode conversion by redirecting energy in the
direction perpendicular to the surface. Unfortunately our lim-
ited data do not allow us to pursue this problem further. A
series of samples with different � should be prepared for this
purpose, and excitation with plane waves rather than with
point-excited waves would greatly simplify the analysis. A
further improvement would be the use of a laser with a lower
repetition rate or the use of a pulse picker in order to elimi-
nate the complicating effects of overlapping wave fronts.
Moreover, further simulations with a more accurate represen-
tation of the acoustic source are necessary to better under-
stand the experimental wave fields.

V. CONCLUSIONS

There are eight independent degrees of freedom in the
geometry of SAW transmission between two crystalline
grains: these correspond to 2 �Euler� angles to define the
crystal plane of grain A at the A-B interface, 2 angles to
define the corresponding crystal plane of grain B, one angle
to define the relative rotation of grains A and B about the
normal to the interface, 2 angles to define the orientation of
the surface, and one angle to define the angle of acoustic
incidence:30 We have only investigated a tiny subset of such
angles for the case of a copper-copper interface. This work,
therefore, suggests a wide range of further investigations into
the interaction of SAWs with interfaces in anisotropic media
that should have ramifications in many fields. Moreover, the
extension using near-field optical techniques to higher SAW
frequencies should allow the probing of disorder, strain or
Kapitza resistance at the boundary between grains with rel-
evance to material fracture and thermal transport.31

FIG. 8. �Color online� �a�–�c� FDTD simulation images of the
outward surface velocity of the surface regions of the copper
sample probed when grain B is excited, corresponding to the data of
Fig. 3�a�, for three different subsurface grain boundary angles �.
The experimentally determined angle is �=45°. Lower plots:
z-component of the displacement for sections through a horizontal
center line.

FIG. 7. �Color online� �a�–�c� FDTD simulation images of the
outward surface velocity of the surface regions of the copper
sample probed when grain A is excited, corresponding to the data of
Fig. 2�a�, for three different subsurface grain boundary angles �.
The experimentally determined angle is �=45°. Lower plots:
z-component of the displacement for sections through a horizontal
center line.
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